BACKGROUND Intraleaflet hematomas are associated with advanced stages of aortic valve calcification and suspected to be involved in disease progression. However, the mechanism by which the entry of blood cells into the valves affects the biology of aortic valvular interstitial cells (VICs) remains to be elucidated.
S tenosis secondary to degenerative aortic valve calcification (AC) is the most frequent valvular heart disease in the Western world, and its prevalence, along with its public health burden, is increasing (1, 2) . Although several mechanisms and pathways involved in the progression of AC have been described (3) (4) (5) , little is known about the nature of the endogenous stimuli that initiate and trigger the cascade leading to the calcification of aortic valve leaflets. In nonpathological conditions, aortic valve leaflets are avascular and fully covered by valvular endothelial cells (VECs) that protect the valvular interstitial cells (VICs), nested in deeper layers of the fibrosa, from the bloodstream and its components. Past studies have linked intraleaflet hemorrhage, supposedly originating from neovascularization in human degenerative aortic valve stenosis (AS), to a more rapid progression of AC (6, 7) . Whether intraleaflet hemorrhages are a cause or a result of calcium deposition cannot be inferred from these studies because they were exclusively conducted on severely calcified valves at advanced stages of the disease. In addition, establishing the spatial relationship between calcium deposition and post-hemorrhagic hematomas requires an analysis of the whole valve structure, not merely the sections of valve leaflets as performed thus far.
In the present study, we established a novel wholemount immunohistological method and used it to analyze human aortic valves taken at the earliest stages of calcification. We hypothesized that a weakened endothelial barrier exposed to extreme hemodynamic conditions could contribute to the formation of intraleaflet hematomas and that the subsequent contact between VICs and the infiltrated, rapidly senescent red blood cells (RBCs) could represent an initial step toward valve vulnerability by promoting calcification within VICs. and fixed by paraformaldehyde (PFA).
WHOLE-MOUNT ALIZARIN AND PERLS' BLUE
STAINING OF VALVES. The proximity of calcium deposits with hematomas was visualized through the capacity of RBCs, the most abundant cells in the blood, to release iron, which was evaluated by Perls' staining, as described previously (8) . After washing with distilled water, fixed valves were stained with Perls' blue solution freshly prepared from a mixture of 2.5% potassium ferrocyanide, 0.25% hydrochloric acid, and 0.02% Triton X-100 (Millipore Sigma, Merck, Darmstadt, Germany), for 90 min at room temperature.
Valves were then washed with water and stained with freshly prepared 0.04% Alizarin red solution. After 1 h of incubation, the solution was discarded, samples were extensively washed with distilled water, and the tissue was clarified. The valve clarification method was adapted from the clearing procedure described by Yamazaki et al. (9) . Briefly, valves were dehydrated successively in 25%, 50%, 75%, and 100% aqueous tetrahydrofuran solutions for 10 min and then for another 10 min in tetrahydrofuran and a freshly prepared solution of benzyl alcohol and benzyl benzoate at a ratio of 1:2 (BABB) (vol:vol). To increase valve transparency, tissues were placed in a BABB solution for 5 to 10 min. Valves were examined in 3 dimensions under a transmitted light microscope. Quantification of calcium and iron deposits was performed on all valves of the collection according to a 5-grade classification: grade 0 corresponded to the absence of both microscopic and macroscopic deposits; grade 1 corresponded to the presence of microscopic stains only (<5%); and grades 2, 3, 4, and 5 corresponded to the detection of macroscopic deposits of, respectively, <10%, <30%, <50%, and >75% of the valve surface. To mimic physiological conditions, VICs were cultured in 3-dimensional collagen scaffolds (12) . After polymerization of the collagen mixture, primary cultured cells were seeded on collagen scaffolds at 30,000 to 50,000 cells/well and incubated for 2 days in complete medium before the addition of RBCs.
Immunohistochemical staining and calcium deposits
were analyzed in the cell cultures on days 5 and 7, respectively. Alizarin red (2%) was used to visualize calcium deposits. The senescence of RBCs from the same donor was induced by suspending f-RBC in HBSS supplemented with 0.1% glucose and incubated at 37 C for 5 days.
The capacity of phosphatidylserine exposed on cell membranes to bind annexin-V-FITC (fluorescein isothiocyanate) was assessed by flow cytometry. Senescent RBCs (s-RBCs) were washed before in vitro assay to limit the direct effect of free hemoglobin. To establish a spatial link between calcium deposits and the areas of intraleaflet RBC accumulation, whole-mount examination of all aortic valves was performed after staining with Alizarin red and Perls'
blue. An increasing amount of iron deposits was observed along with the increased calcium deposition within the valve, as shown in the representative image ( Figure 1A) , even in noncalcified valves, a finding suggesting that intraleaflet hematomas at the sites of valve calcification precede the formation of calcium deposits. The quantified results for all 64 valves are presented in Figure 1B , thus confirming this observation.
Observation of valves with macroscopic calcifications collected from patients with severe AS revealed RBC accumulation in the immediate vicinity of the calcifications, mostly in areas adjacent to neoangiogenesis ( Figure 2A) . Examination of valve leaflets obtained from explanted hearts revealed the presence Morvan et al. Within these areas, RBCs were entrapped in the matrix of the fibrosa (Figures 3D, 3F , and 3H). To the VICs. We found that osteocalcin production and Intraleaflet Hematoma Promotes Aortic Valve Calcification calcium deposits were observed only when VICs were co-cultured with s-RBCs ( Figure 5A ). Furthermore, VICs were able to acquire inflammatory and proosteogenic profiles when they were co-cultured with s-RBCs for 24 or 48 h, as shown in Figure 5B . A statistically significant increase in the expression of interleukin (IL)-6, IL-1b, bone sialoprotein, osteoprotegerin, the receptor activator of nuclear factor kappa B, bone morphogenic protein 2, and muscle segment homeobox 2 was noted.
Incubation of s-RBCs on collagen scaffolds in the absence of VICs did not lead to calcium formation, thereby demonstrating the absolute requirement of VICs for calcification and excluding the possibility that an eventual interaction between the s-RBCs and the collagen scaffold could trigger calcification (Online Figure 1 ). Interestingly, VICs were able to phagocytize s-RBCs, as shown by a representative orthogonal view using confocal microscopy (Online Figure 2A ). This result was confirmed by flow cytometry, which showed an increased incorporation rate into the VICs of s-RBCs loaded with a violet cell tracer (Online Figure 2B) .
DISCUSSION
The occurrence of intraleaflet hemorrhage has been suggested to accelerate the progression of human AC (6, 7) . These studies, however, exclusively focused on severely calcified valves at advanced disease stages.
As a consequence, the etiopathogenic role of intraleaflet hematoma could not be evaluated. 
Intraleaflet Hematoma Promotes Aortic Valve Calcification
In the present work, we analyzed a wide range of aortic valves in terms of calcification severity, including macroscopically and microscopically calcified valves representing early stages of the disease (Central Illustration).
Because the use of microscopic preparations does not allow for scanning for the presence of hematomas in the whole valve, we adopted a whole-mount method that allowed us to establish a precise spatial relationship between areas of hematoma and calcification. We observed that hematomas detected by ferric iron deposits could be found not only in calcified valves, as previously shown, but also in noncalcified valves, a finding suggesting that intraleaflet hematomas may precede, and possibly initiate, the development of AC.
Indeed, iron and calcium are co-localized in the proximity of areas exposed to increased mechanical stress (17) , and several lines of evidence point at the specific hemodynamic stress experienced by the aortic valve at each closing cycle as a potential initiating factor that could lead to AC (18) . The fibrosa of aortic valve leaflets has a singular structure with circumferentially oriented collagen fibers (18, 19) , and during the diastolic phase of the cardiac cycle, it is exposed to significant hemodynamic forces and abrupt deformation (18) . These hemodynamic and Blood penetration through an endothelial microfissure may drive the acquisition of an osteoblastic phenotype by valvular interstitial cells and determine the site of calcium deposition in human aortic valves. Endothelial microfissuring that occurs secondary to local hemodynamic stress allows red blood cells to penetrate into the fibrosa. The observation of free iron in "healthy valves" suggests that this could be the earliest trigger of the complex and chronic inflammatory process that leads to calcium deposition in aortic valves. In patients, the putative pathogenetic role played by such intraleaflet hematomas depends on the inability of valvular interstitial cells to cope with the entry of blood elements. Our in vitro data suggest that the initiation of calcium deposition in human aortic valves is driven by valvular interstitial cells that acquire an osteoblastic phenotype after coming into contact with infiltrated RBC displaying accelerated senescence and releasing free iron through red blood cell hemolysis.
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